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MECHANISM OF PHOTON-GATED PERSISTENT SPECTRAL HOLE BURNING
IN METAL-TETRABENZOPORPHYRIN/HALOMETHANE SYSTEMS:
DONOR-ACCEPTOR ELECTRON TRANSFER

T. P. Carter’
C. Briuchle™
V. Y. Lee

M. Manavi

W. E. Moerner

IBM Almaden Research Center
San Jose, California 95120

ABSTRACT: We have observed photon-gated persistent spectral hole-burning for
meso-tetra(p-tolyl)-M-tetrabenzoporphyrin (M = Zn or Mg) molecules in the presence of
several different halomethanes (chloroform, methylene chloride, and methylene bromide) in
poly(methyl methacrylate) thin films at liquid helinm temperatures. Depending upon the
sample composition and porphyrin/halomethane concentration ratio, hole formation is up to
300 times more efficient when two photons are absorbed by the porphyrin as compared to
one-photon excitation. After the first (site-selecting) photon excites the singlet-singlet origin
absorption near 630 nm, the most efficient photon-gating occurs when the second (gating)
photon excites a strong triplet-triplet transition near 480 nm. The hole width at 1.4 K is
approximately 2.5 GHz full-width at half-maximum in an inhomogeneously broadened origin
absorption 300 cm™! in width. Analysis of the halomethane concentration dependence, the
action spectrum of the second photon, the photoproduct spectrum, and the dependence of the
hole depth on the time delay between the site-selecting and gating light pulses confirms that
the mechanism is donor-acceptor electron transfer from an excited triplet state of the
porphyrin to a nearby halomethane molecule.

*IBM Postdoctoral Fellow
“*Visiting Professor, permanent address: Institut fur Physikalische Chemie der Universitit
Munchen, Federal Republic of Germany
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.  INTRODUCTION

The growing interest in persistent spectral hole-burning (PHB) spectroscopy is due partly
to the usefulness of the PHB technique for studying low temperature photoreactions,
dephasing of electronic transitions in amorphous systems, external field perturbations, and
other aspects of laser spectroscopy of solids [1] [2] . In addition, PHB offers the potential for
an extremely high-density optical recording technique, frequency domain optical storage [3].
While the first years of PHB research focused on single-photon mechanisms [4], the
destructive reading that occurs in these systems during hole detection has generated recent
interest in two-color, photon-gated materials. In photon-gating, two photons (of different
wavelengths in general) are required for the photoinduced change leading to high efficiency
hele-burning; only one wavelength is then required to probe the unreacted ground state
population during hole detection. Beside providing a pathway to nondestructive reading,
photon-gating also offers new possibilities for extremely high sensitivity in the detection of

subtle perturbations due to external fields [5].

The first examples of photon-gating utilized the mechanism of two-step photoionization
of the absorbing molecule or ion and subsequent trapping of the ejected electron in the nearby
host matrix [6] [7] . Two-step photodissociation of photoadducts of anthracene and tetracene
has also been shown to lead to photon-gating [8]. In this paper, we report the results of a
mechanistic investigation of a new class of photon-gated PHB systems utilizing photo-induced
donor-acceptor electron transfer (DA-ET). The specific donor molecules are derivatives of
tetrabenzoporphyrin: meso-tetra(p-tolyl)-Zn-tetrabenzoporphyrin (TZT) and the magnesium

analog (TMT). The acceptors are any of several halomethanes: methylene chloride,
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chloroform, and methylene bromide. Previous one-color hole-burning studies of DA-ET have
peen performed on charge transfer complexes of Zn and Cd-porpayrins with pyridine radical
anion dimers {9] [10]} [11] {12] and involve transfer of an electron from the pyridine dimer to
the excited metalloporphyrin. Also, two-color photochemistry has been reported in an
unspecified meso-substituted Zn-tetrabenzoporphyrin in uncharacterized poly(methyl

methacrylate) (PMMA), but no mechanism was suggested [13].

While we are concerned here with specific donor and acceptor molecules in PMMA thin
films, we believe that the basic process is generally applicable to a variety of
porphyrin-halomethane combinations in polymer matrices. Further, the goal here is to present
experimental results aimed at identifying the photon-gated hole-burning mechanism, rather
than to present an exhaustive account of all hole-burning properties for all donor-acceptor

combinations.

To provide a framework for the experimental results to be described, Figure 1 shows a
simplified level diagram for the proposed DA-ET mechanism for the porphyrin/halomethane
systems of interest here. A photon at )\1 excites the 0-0 singlet origin of the porphyrin with
absorption cross-section 01' From the first excited singlet state Sl, the porphyrin may either
relax back to the singlet ground state S0 with rate kr (which in general is a combination of
fluorescence and internal conversion processes) or undergo intersystem crossing with rate kISC
to the lowest porphyrin triplet, Tl' with a characteristically long lifetime governed by the rate
kp. Molecules which cross to the triplet manifold may then absorb a second photon at a new
wavelength }\2 with cross-section °, and populate some excited triplet level, Tn. Here, the
molecule may return to the lowest triplet with rate k or transfer the cxcited electron to a

nearby acceptor (a halomethane molecule) with rate m(T T via tunneling or other transition

state mechanisms. It is this final process which leads to hole formation, since the porphyrin
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a8 cation thus generated has relatively little absorbance at Al. To minimize one-color
Y
N
N hole-burning via sequential absorption of two photons of )\1 in the singlet and triplet
B
. manifolds, it is important that there is some wavelength region where the spectral overlap of
oY
>
* .. \ - - . - . . - . .
_;’. the singlet-singlet and triplet-triplet (T-T) absorption bands is minimal. In this case, the hole
K- "
o formed during two-color irradiation is much deeper than the hole formed by irradiation with
h)
L]
j-- )\1 alone, and reading of the hole by scanning Al can be quite nondestructive.
A '.4':
n
\ N 3 - - -
"f;' To place these DA systems in perspective compared to the larger array of DA combinations
[
) in the literature, it is instructive to estimate the equilibrium free energy release during electron
.
S5
-‘l-‘ 3 . -
SN transfer, AG, using the following relation (from Reference [14]):
D :':
s
W
A )
" ag D A e
B4 AG = F(Eox ~ Erea) — Eoo — 7~ (1
I c
.r:)
o

-

3 D . Sl . A
where F is the Faraday constant, E is the oxidation potential of the donor, E e is the
S oXxX T

reduction potential of the acceptor, Eoo is the electronic energy deposited in the donor by the

¢ % photoexcitation, e is the electronic charge, R is the separation distance of the ion pair, and ¢
. ¢
B\
is the dielectric constant of the medium. Ignoring the final term (the energy of the separatcd
v. D
:C'_ ion pair) for simplicity, and using E = 0.36 eV for the unsubstituted
0x
O A
R Zn-tetrabenzoporphyrin (15] and E § = -1.7 eV for CHCI3 [16], one estimates that AG =
it re
o -0.01 eV for excitation with )\1 only, which is not a strong driving force. However, for
AW
o,
%" two-color excitation (using a Tl energy of 1.54 eV [17]), AG = -2.12 eV, which is considerably
oA
D™«
' more exothermic. Thus, the DA pairs chosen for this study may be approximately regarded
jw.' as combinations of fairly poor donors and acceptors that do not spontaneously undergo ET
RS
.-_‘ from the ground state and also do not readily undergo ET under one-color excitation. On the
>
o)
other hand, two-color excitation provides the donor with sufficient energy to make electron
B >
- transfer far more probable, hence the photon-gating.
-\{.
3¢
S
O
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“
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In this paper, we prescnt the results of spectroscopic and hole-burning experiments which
investigate the mechanism for photon-gated PIHIB in these
metal-tetrabenzoporphyrin/halomethane/PMMA systems. We utilize the gating action
spectrum for }\2 and the photoproduct spectrum together with measurements and simulations
of the gated PHDB kinetics to conclude that electron ejection occurs from an upper triplet level
of the porphyrin. Experiments conducted in the absence of halomethanes, together with a
determination of the magnitude of the gating effect in samples with different
porphyrin/halomethane concentration ratios, establish the halomethanes as the electron
acceptors. Analysis of the dependence of the two-color hole depth upon the time delay
between the two excitation pulses has allowed determination of the quar;tum efficiency for

electron transfer per absorbed gating photon. A preliminary report of results for the

TZT/CHCIS/PMMA system has been presented [18].

II.  EXPERIMENTAL

Both TZT and TMT were synthesized using a procedure similar to that described previously
[19] [20] . An intimate mixture of potassium phthalimide, p-tolylacetic acid, and either zinc
, acetate or magnesium acetate was heated to 350-360°C under nitrogen for two hours. The

resulting solid material was ground and extracted successively with hot water, petroleum ether,
B8 and chloroform. The chloroform extract was then concentrated, and the product purified by

chromatography on aluminum oxide with a (1:1) chloroform/petroleum ether mixture.

The CHCI3 and C112C12 were obtained from IEM Laboratories (Omnisolv, glass distilled)
w and used as supplied. To make sure that the non-polar hydrocarbon stabilizers used in these

solvents are not responsible for the gating effect, IHPLC grade CHCI3 (Aldrich) containing
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85 ethanol as stabilizer was also used; no differences in gating properties were found in samples
ghl
§ 4:'

Ay prepared with this solvent. The CHZBr2 was extracted repeatedly with concentrated sulfuric
:') '
M

) acid, then washed thoroughly with water. The organic layer was dried over calcium chloride

s

SN

:-:: and then fractionally distilled under nitrogen.

;:Z:

th

\ Optical samples were prepared (under dim yellow light) by dissolving high-purity

monodisperse PMMA (Polymer Laboratories M ~107,000, M /M < 1.10) in the chlorinated
p w n
solvent to be used as acceptor. To this solution, a small amount of either TZT or TMT was

. added. A few drops of the solution were placed on a pyrex, fused silica, or NaCl plate and

>
::} heated to 45-75°C (depending on the acceptor) for a few minutes to drive off some of the
s

-, solvent. The sample was then covered by another plate and removed from the heat. In this
{ way, samples were formed with thickness between 50um and 125um. The room temperature
:.‘f. absorption spectrum of each sample was examined, and if the optical density at the intended

!

. A‘ was not in the range 0.3-1.0, the solution concentration was adjusted and a new sample

: prepared. Acceptable samples were then placed in an optical immersion cryostat already

3 containing liquid helium at 4.2 K, in an attempt to provide reproducible cooldowns. All PHB
“
0] experiments were performed at 1.4 K with the sample immersed in superfluid helium.
-~
:. ::__: Figure 2 shows a schematic diagram of the experimental apparatus used to burn and probe
}-‘.'

“: the gated holes. A scanning, single-frequency, standing wave cw DCM dye laser (DL) with a
ol
:' e 3 MHz linewidth was used to provide )\1 for both burning and probing. This laser beam was
\

! + + .

::. not focused: the beam diameter at the sample (S) was 4 mm. A Kr or Ar cw ion laser was
[N

%,
4 used to provide /\2 values of 351, 413, 4388, 514, 647, 676, 752, and 799 nm. This beam was
i::: expanded so that the diameter at the sample was also 4 mm. The intensities of both beams
1"_:-

.',-::, at the sample were adjusted by a combination of neutral density filters and variable
S attenuators (A). Sample irradiations were controlled by mechanical shv.ters (Sh) driven by a
By’
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combination of digital pulse and delay generators (SC), providing different irradiation times
for the two colors as well as varying amounts of delay between the start of the two pulses.
For reading, a signal proportional to the sample transmittance was obtained from a precision
wide bandwidth (80 kHz) ratiometer (R). The denominator signal (D) was provided by a
photodiode (PD) monitoring the DL intensity during the 0.25 s laser scan. The numerator
signal (N) was obtained from a low-noise silicon PD monitoring the intensity after attenuation
and transmission through the sample. Since the presence of a spectral hole represented a
(sometimes) small change in a large signal, the ratio output was first offset to near ground
potential by passing it through a precision digital voltage offset unit (O), before sending it to
an averaging digital storage oscilloscope (Osc). The Osc allowed averaging of several laser
scans (32, in almost all cases) to improve the signal-to-noise ratio. The digitized Osc output
was then sent to a microcomputer (PC) for storage, plotting, and analysis. Not shown in
Figure 2 are a wavemeter and spectrum analyzer (1.5 GHz free-spectral range) used to monitor

the )\1 frequency and stability.

A standard burn-read sequence consisted of first setting the SC for the appropriate burn
times and delays, adjusting the laser intensities with closed shutters, executing the burn at a
fixed Al wavelength, starting the DL scan with )\1 attenuated to the read intensity, adjusting
O, and finally, acquisition on the Osc. Typical )\1 powers (Pl) were 2 uW and 10 nW for
burning and reading, respectively. The gating beam power (Pz) varied with wavelength and
experimental requirements, but was usually chosen near 20 mW. For example, for Az = 488
nm, the gating enhancement was largest for P2 = 20 mW. At lower powers, the gating
enhancement factor decreases presumably due to insufficient T-T excitation, whereas at higher
powers shallower and broader holes are formed due to residual absorption of the gating light

in the singlet manifold an” ~1bsequent sample heating. Hole depths were determined from the

J
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1

s 2 @
N
Y Sl
ST

[




PR
Sl

>,
A <, %t

& R, ., .“
» 'l / L] ,.
F‘: 5 5 '."- b

-

[N »

2]

-7-

T at the laser frequency. The AT/T vaiues were then converted to actual hole depths Aa/a
1 1 1

using the approximation (valid for shallow holes)
da/a; = (alL)-‘ AT/T, (2)

where L is the sample length, a and ar are the initial and final absorption coefficients at the
1
laser frequency and Aa = a - a. The da/a values were then used for comparisons between
1 1

different samples and systems.

As a representative example, the 1.4 K absorption spectrum of TMT/CHC]}/PMMA is
given in Figure 3. The positions and full widths at half maximum (FWHM) of the transitions
in the low temperature spectra are nearly identical to those observed in room temperature
spectra, attesting to a very strong inhomogeneous broadening at low temperature. In all
samples, PHB experiments were performed near the peak of the Sl<-S0 origin transition of the
porphyrin molecule which occurs near 633 nm for TMT and 631 nm for TZT. These spectral
features lie in a region which is easily obtained with a cw single-frequency ¢ .e laser. This,
together with the high molar extinction coefficient (~105 l/mcle-cm) and geod solubility in
PMMA, makes these molecules very convenient for studying PHB processes in thin film

samples.

II.  RESULTS AND DISCUSSION

A. Photen Gating Characteristics

Figure 4 shows the gating enhancement effect of a second color using the

TZT/’CHCI}/PMMA svstem as an example. The trace marked a) shows two holes: the shallow

hole at -5 GHz (0 GHz = 629.647 nm) is the result of a one-color irradiation for 6 s with
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ITyW,"cmz, while the deeper hole at +5 GHz is the result of identical )\1 conditions together
with simultaneous irradiation with }\2 at 514.5 nm for 6 s with 135 mW/cmz. Perhaps a more
dramatic demonstration of the gating effect is given in trace b), which was produced similarly
except that the one-color feature at -5 GHz (0 GHz = 630.489 nm) was burned for 120 s.
Even after this prolonged irradiation, the one-color hole depth is still only 30% of the 6 s

two-color hole shown at +5 GHz.

Figure S shows the full-width at half-maximum (FWHM) for gated holes as a function of
P1 with consta.t irradiation time (6 s for both )\1 and >\2) at 1.4 K for the
'I‘ZT/CHCIB,’ PMMA system. For powers above 50 nW (corresponding to an intensity of 0.4
#W,,'cmz) the holes show an increasing width as the power increases. Below this power, the
hole width is constant at 2.54 + 0.02 GHz under these conditions. In all samples studied, the
hole widths are much broader than the lifetime limited values which may be estimated to be
in the range 48-78 MHz [21] {171 ). Such broadening has also been cbserved in other gated
PHB svstems involving electron ejection [6] [22] and may be due to a combination of effects:
local inhomogeneous Stark shifts due to the electric fields induced by the formation of the
donor-acceptor pair, reorientation of the local geometry caused by the generation of ions in the
matrix [23], and, or local heating due to non-radiative relaxation processes occurring as a
result of the electron transfer. Further study of the detailed mechanisms for the hole width
and its temperature-dependence should be considered in future work. In particular,
accumulated photon-echo measurements should be easier to perform in these photon-gated
materials compared to one-color materials, because the growth of persistent holes is much

slower for ,\1 excitation in the absence of ’\,'

o

It is helpful for purposes of comparison to define a semi-quantitative measure of the

photon-gating effect. We choose to define the gating ratio, G, as the ratio of the depth of a
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two-color hole to the depth of a one-color hole, for equal }\1 irradiation times (6 s) and Al burn
intensities. That is, the presence of the gating radiation produces holes which are G times
deeper than one-color holes using identical Al conditions. Using this definition, spectrum a)
of Figure 4 yields a G of 28. Values of G depend strongly on several parameters such as the
particular donor-acceptor combination used, and more importantly on the acceptor-donor
concentration ratio (vide infra). Representative values of G for the vr-rious systems are listed
in Table I. Each value was obtained for a sample with a typical (large) acceptor-donor
concentration ratio, using 6 s irradiations for both wavelengths, with P1= 2 wW and P2~20
mW at )\2 = 514.5 nm. Also included in the table are representative values of hole depth
Aa/ @ for each system. In general, the two-color hole depth and G values increase with
increasing halo-substitution and with increasing halogen atomic weight. One possibility for

this is increased triplet population due to an external heavy atom effect.

The exact values of G should not be over-interpreted because as the irradiation time is
increased, the value of G changes since the growth of both one- and two-color holes is
nonlinear in time. To illustrate this, the depths of one- and two-color holes as a function of
irradiation time are presented in Figure 6 (note the different time scales for the two plots).
As the data show, the two-color holes saturate at much shorter times than do the one-color
holes. As a result, G values from experiments with long irradiation times will be lower than
G values from experiments with shorter irradiation times. Perhaps a more fundamental
comparison of the efficiencies for one and two-color holes can be obtained from the initial
hole-burning rates, which may be measured from the initial slopes of the data in Figure 6. The
ratio of these slopes yields a value of 360, which is considerably greater than the value
presented in Table I; thus, the values in Table I underestimate the gating enhancement factor
for shorter burn times. Nonetheless, we feel that the relative changes in G values accurately

reflect the relative changes in gating enhancement from sample to sample (under identical
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irradiation conditions), and for this reason we shall continue to utilize G values for the
purposes of this work. The new method described above should, however, provide a more
fundamental means of quantifying the gating enhancement factor for comparisons between

dissimilar photon-gated PIIB systems.

The role of the halomethanes as ~cceptors was first established by the observation that G
dropped to unity (no gating) in samples prepared in their absence by using either toluene as a
solvent or by heating the samples at 100 °C for several minutes to drive off all of the solvent.
Further confirmation was provided by experiments in which the concentration ratio of
CIICl3 to TZT was quantitatively determined and compared to the G values obtained. To do
this, infrared spectra were acquired over the range 600 - 700 cm_1 on samples which were
prepared between NaCl plates, as shown in Figure 7. Trace a) shows the spectrum of a
TZT, PMMA sample prepared with toluene as a solvent instead of CHCI}: the peak at 700

-1 . . . .
c¢m is a toluene vibrational mode. Trace b) is a spectrum of neat chloroform showing the

E P
Ui 4
S A

A

characteristic peaks in this region, and trace ¢) is from an actual PHB sample

“ :l’:l

, ) -1 -1
(TZT/‘CHC13/ PMMA). The peaks in ¢) occur at 672 cm  and 630 cm and correspond to
C-Cl stretching modes. By determining values for the molar absorptivities of these two
transitions (33 //mole-cm and 1.0 //mole-cm, respectively), and using the published molar

5
extinction coefficient for Zn-tetrabenzoporphyrin [24] (¢ = 1.3 x 10 //mole-cm), we were

[

able to measure the chloroform,/TZT concentration ratio in as-prepared hole-burning samples.

A d

.
‘..l

The results, given in Table II, show a strong correlation between G and the CHCl}/TZT ratio,

)

which is reasonable if the acceptor is CHCIJ. As the donor-acceptor average separation

increases with decreasing CHCIB/TZT ratio, one would expect a concomitant decrease in the
electron transfer probability. These results also demonstrate that the photon-gating effect

3 N
depends on having large CHCI}/’TZT ratios (10 - 10 ), indicating that a relatively small

fraction of CHCI3 molecules are effective acceptors. This suggests that only those CHCI3

. : PR IR - '\-'-\.\'\.*m
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molecules closest to the TZT molecule are effective acceptors. In fact, the photoreaction may
also be sensitive to DA orientation, as has been suggested previously in 77 K broadband studies
of ET in porphyrin-haloalkane systems [25]. Table II also illustrates the fact that G is
effectively an adjustable parameter that can be controlled simply by manipulating the
donor-acceptor concentration ratio - a property which can be a powerful tool for tailoring PHB

systems for frequency domain optical storage applications.

B. Photon Gating Mechanism

To confirm the role of a triplet state of the porphyrin as an intermediate in the DA-ET
process, the action spectrum of the gating light was determined by measuring G as a function
of Xz, using constant photon flux at every wavelength. In Figure 8 we show the results of this
experiment (open circles) plotted together with the published T-T absorption spectrum for the
closely related molecule Zn-tetrabenzoporphyrin (solid line){26]. Since the gating action
spectrum follows the T-T absorption fairly closely, we conclude that )\2 is most likely absorbed
by Tl to produce the photon gating, and that the quantum yield per gating photon does not

vary strongly with gating photon energy.

Further confirmation that a porphyrin T-T transition is a crucial step in the photon-gated
PHB of these systems is provided by experiments in which the onset of the >\2 pulse was
delayed from the start of the Al pulse. If 'I'1 is the intermediate level for gated hole
production, the persistent hole depth should decrease with increasing delay, and the decay
should reflect the lifetime of Tl’ T_I_. In order to achieve reasonable temporal resolution, short
(ca. 40-100 ms) Al pulse-widths (irradiation times) were used in these experiments. Because
of the nature of the photoreaction, the >\2 pulse-widths were chosen to be several times longer

than the triplet lifetime, to allow maximum photoreaction of the triplet population. In this
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:‘: ! sense, the Az pulse should "develop" all the triplets which are formed, to maximize the PHB
’ )
I yield. We have found that the decrease in hole depth with increasing delay does depend on the
o triplet lifetime for the TZ'I‘/CHC13/PMMA, TMT/CHCI}/PMMA and
O
‘i
x T™MT/ CHzBrz/ PMMA systems (the only ones studied in this manner). As an example, the
g
& ! results of such a delay experiment are given in Figure 9; the filled boxes represent the data for
X7
the TMT/CHCI /PMMA system.
- 3
.
g
bt We have also performed a series of computer simulations of the delay experiments to
f determine the theoretical shape of the decay curves for comparison with those experimentally
o,
2y
.ty
:: obtained, as further proof of the mechanism. The curves are not simple single exponential
<
)
o decays because the }\1 pulse-widths were comparable to the triplet lifetimes. For the
-::f/ simulations, we used the kinetic rate equations appropriate for the photophysical system
f.:’{ depicted in Figure 1. The four coupled differential equations are:
f:v
{\ dSo
: : T = Rl(Sl - So) + kfsl + kal (3)
4
»
!
o
0 dS;
.' T = _RI(SI - S()) - (kf + kISC)Sl (4)
12"
[ W
%
A
% dTl
4 Tt— = Rz(Tn —_ Tl) + kISCsl -+ kT—TTn - kal . (5)
A( .x'
2
u"‘.;
3¢ dT,
N = —Ry(T, - T)) = (1 + mkp_1T, (6)
D) dt
';::f
N where SO, S],Tl and T here denote the populations of the corresponding states: R1 and R2 are
AN n
o .
N the S «-S and T «T mpin tes, respectively; and k , k ,k ,k nd nk are the
W 217 q 'y PUMPING Tates. TESPEctvely £ se T o T
.' rate constants for the various transitions as defined in Figure 1. (It should be noted that k
A
g
" represents the total S; = S, depopulation rate: internal conversion between these states has
J:':
@
:‘;‘Y','\."\(:;:f‘.;'};‘"(\q'-". \;“\-“.' ; = ;:’:..r::'.\‘&:-%._:“::*.'- . '\_({;,:_-'_:_».:‘_.::-.' -_‘_‘::,’.'-'.‘._‘: s ._‘. .'.__'. "._-;',:-:‘-\';-:":. ..::‘;;‘-:'("- N .1::;‘_.:‘:: '."_
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been shown to be negligible [21] [17] . Also, kp represents the total depopulation rate for

Ty - So ,i. e, ky,=1/71). Actual values for the pulse-widths, intensities, wavelengths and
delays were included, and the coupled equations were solved using Gear’s stiff integration
method with full Jacobians [27]. The output consisted of the time evolution of the four states,
and the final hole depth was calculated from the fraction of the population'which returned to

SO after sufficient time for all excited states to relax.

The values of all the rate ccnstants used in the simulations are given in Table III. The kp
values were determined at low temperature using actual PHB samples by monitoring the
recovery of the Sl<-S0 absorption following bleaching via pulsed dye-laser excitation into the
porphyrin Soret band. Because of the large kISC values for these systems (vide infra),
substantial fraction (~87% for the TZT case) of the total population could be placed into T1
with a single laser pulse, making this method a convenient way of measuring the triplet
lifetimes. The k . value was estimated from the width of the T-T spectral peak shown in
Figure 8, and taken from Reference [26]. The values for the other photophysical rate
constants were taken from the literature for the related molecules Zn- or
Mg-tetrabenzoporphyrin as appropriate [21] [17] . The values for n, which is approximately
the quantum yijeld per gating photon absorbed, were the only adjustable parameters and were
chosen to give simulated hole depths identical to the experimental hole depths at zero delay.

The results of the simulation for the TMT/ CHCIS/ PMMA system are shown as the solid line

in Figure 9, and give excellent agreement with the results of the actual PHB delay experiment.

We feel that the agreement between this simulation and the experimental results, together with
the measured }\2 action spectrum, provide convincing evidence that a T-T transition is
responsible for the absorption of Az and, therefore, that some upper triplet level is involved in

the hole formation process.
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f Further evidence for the proposed mechanism may be obtained from the spectrum of the
E PHB photoproduct. The spectrum in Figure 10, obtained from the TMT/ CHC13/ PMMA

! system, was derived by subtracting the absorption spectrum obtained after prolonged 2-color
2
: PHB over a range of A"s from the absorption spectrum obtained prior to hole-burning (see
W Figure 3). In regions where the product and educt absorbances do not overlap, new (product)
'
-. absorbances appear as positive absorbance changes while lost (educt) absorbances appear as
E negative absorbance changes. One can see in Figure 10 that there is a loss of absorbance at
R all educt absorption wavelengths, indicating broadband PHB under these severe conditions.
..: The only identifiable product absorption begins on the low energy side of the Soret band as a
3. broad feature starting at ~500 nm, continues rising to higher energies, coming to a fairly sharp
\

peak at ~440 nm (overlapping the strong Soret absorption of TMT), and then falling back to

] a featureless broad absorption below 400 nm. The dashed line in the figure shows how the

~ TMT negative peak might look in the absence of the overlapping product absorption peak.

’ These spectral features of the product absorption are nearly identical to the room temperature
absorption of TMT+ we obtained either through chemical oxidation by adding I2 to a

W 'I’MT/CHC13 solution after the method in Reference [28], or by two-color irradiation of a
. room temperature solution. Similar results were obtained for the other systems studied. Thus,

in every case, we identify the chromophore photoproduct to be the porphyrin monocation.

' (Unfortunately, any spectral changes in the acceptor absorption lie in a region obscured by the
._ PMMA absorption [29])
'.

: Previous one-color esr studies of the photochemistry of related Zn-porphyrins in matrices
" containing carbon tetrachloride or other chlorinated hydrocarbons (RCD at 77 K [30] [31] [32]
~

: have established that the porphyrin ejects an electron which is accepted by the RCl. The

. acceptor then undergoes dissociative electron detachment of the form

v
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e” +RCl =R +CI™. (7)
We therefore propose the following mechanism for the photon-gating reaction:

AL Ay
-

P Pt +e” (8)

e”+R' X, ~R' X, _, + X" (9)

where P is either TZT or TMT and R'Xn is one of CHC13, CH2C12 or CHZBrz. Direct evidence
for reaction 8 comes from the similarity of the porphyrin T-T absorption spectrum to the
observed )\2 action spectrum, and the measured PHB photoproduct spectrum. These data
indicate sequential absorption of the two colors followed by electron ejection from an upper
triplet level. Evidence for reaction 9 comes from the observations that the photon-gating
effect disappears in the absence of halomethanes and that the magnitude of the effect is
correlated with the CHC]}/ porphyrin concentration ratio, together with the analogy to
previous results (reaction 7). A further indication is the absence of any observed

back-reaction, even at room temperature.

C. Formation of photon-gated spectral holes on ns time scales

These DA-ET systems have some properties which make them good candidates for
photon-gated PHB in a frequency domain optical storage system [33]. Two necessary
properties of a practical frequency domain optical storage device are the use of small laser
spots and short irradiation times (~ 30 ns), which provide for high information densities and
rapid data storage and acquisition [34] [35] [36] . In order to produce detectable holes using

short irradiations, the efficiency for the overall PHB process must be high since each impurity
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center in the sample may absorb at most a few photons during the short burn time. As an
illustration, consider a fast-burning experiment for a low efficiency system: if the overall PHB
efficiency is 10.5 with a Al pumping rate of 108 s-l, a 30 ns irradiation will burn only about
0.003% of the centers. The relatively high overall efficiency for the systems studied in this
work (~ 0.01) gives holes which are detectable using ordinary transmission spectroscupy even
when burned with very short irradiation times. This high effective quantum yield is limited
by the efficiency of the electron transfer step (n = 0.01). However, the large values for the
S; = T, intersystem crossing quantum yields (0.87 for TZT, 0.45 for TMT: see Table III)
enable total bleaching of the sample at )\1 with a 30 ns pulse using reasonable (mW) power
levels. Also, the long triplet lifetimes (see Table III) provide for relatively long Az irradiations.
This allows a center to undergo multiple Az excitations thus increasing the overall yield for the

process even with very short Kl irradiations.

To give an experimental example, Figure 11 shows a hole burned in TZT/CHCI3/PMMA j
with 10 mW from the cw dye laser focused to a 200 pm diameter spot with a single 30 ns pulse |
(produced by an acousto-optic modulator with contrast ratio greater than 10000:1). The
gating was provided by a simultaneous unfocused 200 ms puise at 488 nm with 19 mW. Figure
11(a) is the baseline before burning: trace 11(b) shows a hole burned by the single 30 ns
irradiation. Attempts to produce a measurable one-color hole using these conditions were
unsuccessful. Thus, the overall PHB efficiency of these materials is high enough to produce
easily detectable holes in small spots with very short )\1 irradiation times. The long duration
of the )\2 pulse should not be considered a drawback: the large - for these systems allows for
many different A] pulses to be applied to the sample to put selected groups of donor molecules
in Tl. All such molecules can then be "developed™ by a single >\2 irradiation, thereby
amortizing the long Az time over the production of many holes. Due to the photon-gating

property, the high efficiency, and the ability to vary the gating characteristics by varying the
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acceptor concentration and electron affinity, this class of systems exhibits several of the
properties needed for a practical frequency-domain optical sturage medium, and provides an
impetus for further study of DA-ET systems, including linked donor-acceptor molecules [37]

that might provide improved reversibility.

ACKNOWLEDGEMENT

This work was supported in part by the U.S. Office of Naval Research.

e n R e P ‘.- T . '-.‘: ,.,‘ LAt et _.-. oo

W

WM RS TR T T T A T TR TR T T TR T TV T T e T

SR
\.\




Table I. Typical Photon Gating Characteristics
System G Aa/a;
TZT/CHCl3/PMMA 5->30 0.1 - 0.3
TZT/CH,Cly/PMMA 4 0.05 - 0.08
TZT/CH;Bry/PMMA 10 - 1§ 0.2-03
TMT/CHCl3;/PMMA 40 0.2
TMT/CH,Bry/PMMA 13 0.2
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Table II. Dependence of Gating on Donor-Acceptor Concentration Ratio

[TZT] [CHCl) [CHCl3] G
(1075 M) (M) TTZT)
99 2.8 2.8 x 10° 5.4
68 10 1.5 x 10* 19
9.6 9.4 9.8 x 10* > 30

r " .‘
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N
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Table III. Photophysical Rates for the Various Systems

TZT T™T
CHCl; CH,Cl; | CH,Br, CHCl; CH,Br,
kf (106 S_l)a 500 835
ke (105 5=1)° 342 68.3
rr (101 51 3.20
K (s—l) 25.7 21.4 86.2 9.09 29.03
] 0.0346 - - 0.0143 0.0067
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Figure 1. Level diagram for photon-gated PHB via DA-ET. The structure of the donor
molecule is shown in the inset, where M denotes either Zn(ID or Mg(I). The k's denote the
rate constants for the indicated transitions: ¢, and o, are the absorption cross-sections at A,

and A,, respectively.
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Figure 2.  Schematic diagram of PHB apparatus. Legend: DL - dye laser providing A, A -
neutral density filters/variable attenuator, Sh - mechanical shutters, SC - shutter controllers,
Ar* or Kr* - ion lasers providing A,, S - sample in cryostat, PD - silicon photodetectors, R -
precision ratiometer, O - precision digital offsetter, Osc - digital storage oscilloscope, PC -
microcomputer.
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Figure 4. Photon-gated PHB in TZT/CHCl;/PMMA. Trace a) shows two holes: the shallow
hole at -5 GHz (0 GHz = 629.6 nm) resulted from a one-color irradiation only (6 s,
l7uW,/'cm2): the deeper hole at +5 GHz resulted from identical A, conditions together with
simultaneous irradiation with A, (65,135 mW/cm?, 514.5 nm). Trace b} was produced

similarly except that the one-color feature at -5 GHz (0 GHz = 630.5 nm) was burned for 120
s.
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— CALCULATED .
s EXPERIMENTAL

100 200 300 400 500
A, Delay Time (ms)

Photon-gated hole depth as a function of A, delay for TMT/CHCl,/PMMA. The

filled boxes represent the results of the two-color PHB experiments; the solid line was
generated from a series of delay simulations using the kinetic equations for the photophysical
sys’zm depicted in Figure 1 and the parameters listed in Table III.
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Figure 10. Low temperature PHB product spectrum for TMT/CHCIl;, PMMA obutained by
subtracting an unburned absorption spectrum from one taken after extensive photon-gated
PHB. Downward transitions represent a loss of the originz! absorption. Upward transitions
correspond to the sorption of the PHB photoproduct: the only strong peak of this type
occurs nearly at the center of the TMT absorbance at ~440 nm. The dashed line shows how
the TMT negative peak might look in the absence of this product absorption.
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corresponds to approximately a 1% change in transmittance.
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